Previous studies concerning ischemic priapism revealed that hypoxia alters the erectile and contractile responses of penis. But the effects of accompanying acidosis on those responses have not been fully evaluated or understood yet. We performed this study to elucidate the role of acidosis on the trabecular smooth muscle contractility like in ischemic priapism.
Introduction
Advances in research have led us to a more precise understanding about erectile physiology. In ischemic priapism, the immediate goal of therapy is to improve drainage of corpora cavernosa permitting detumescence of the penis and preventing ischemia, ®brosis, and impotence. But, the main pathophysiology of ischemic priapism is the inability of trabecular smooth muscle to contract. 1 In ischemic priapism, the danger to the patient is not the erection itself, but blood stasis within the corpora cavernosa leading to a reduction of oxygen, an elevation of CO 2 partial pressure. 2 It has been emphasized the importance of hypoxia but little of the accompanying acidosis in ischemic priapism. Recently, Saenz de Tejada et al 3 reported that acidosis impairs the trabecular smooth muscle contractility in vitro. At the onset of ischemia corporeal blood gases deteriorate with time, with progressive acidosis and hypoxia. While hypoxia may complicate ischemic priapism at a late stage, severe acidosis is established at relatively early process. 1 Since corporeal tissue in the¯accid penis is exposed to venous-like blood, the effects of low oxygen tension on trabecular smooth muscle contractility may not be signi®cant until severe hypoxia (pO 2 -10 mmHg) is established, typically at a late stage of priapism. 4 It can be surmised that the contractility of trabecular smooth muscle is inhibited by intracavernous acidosis at early stage of priapism and ®nally tissue injury develops by hypoxia at late stage of ischemic priapism. Using feline model with hypoventilated systemic hypoxia and acidosis, we evaluated the effects of acidosis on the trabecular smooth muscle contractility in vivo.
Materials and methods
Fifty-®ve mature male cats weighing 3.0 ± 4.5 kg were anesthetized with a-chloralose (60 mgakg intramuscularly) initially and maintained with 0.8 cca2 h. 0.9% normal saline was infused via antecubital vein at the rate of 2 mlakgah. Tracheotomy was done and connected with animal ventilator (Harvard apparatus Ltd) for ventilation. Pancuronium bromide (0.3 ccakg) was infused initially, and maintained with 1 ccahr as a neuromuscular blockade. Central catheterization into the internal carotid artery was done for arterial blood gas analysis (ABGA) and to monitor systemic arterial blood pressure. A 23-G needle was placed into the corpus cavernosum to measure the changes of intracavernous pressure (ICP). Systemic arterial blood pressure and ICP were measured with physiograph (Gilson IC-MP) via pressure transducer (Gilson T-T123XI.). A retrograde microcannulation into a branch of internal pudendal artery was done at one side, with an elongated polyethylene tube (Tygon tubing, original inner diameter: 0.25 mm, outer diameter; 0.76 mm), to infuse the drugs into the penis and the rest of branches except penile artery were ligated.
Four different conditions such as Set 1, Set 2, Set 3 and Set 4 were produced by modulating the tidal volume and respiratory rate. Set 1 (normoxia; PO 2 b 60 mmHg, neutral pH; pH b 7.25) was produced with the setting of ventilator such as 10 mlakg of tidal volume and 15 ± 20amin of respiratory rate. To produce Set 2 (hypoxia; PO 2`3 0 mm Hg, acidic pH; 7.25 b pH b 7.0), the tidal volume was decreased to 75% of Set 1 and respiratory rate with 10amin. And further decrease of tidal volume to 50% of Set 1 and 10amin of respiratory rate was done for Set 3 (hypoxia;PO 2`3 0 mmHg, severe acidic pH; pH`7.0). At the end of Set 3, the tidal volume was increased to 125% of Set 1 and respiratory rate to 25amin for Set 4 (normoxia; PO 2 b 60 mmHg, acidic pH; pH`7.0). We de®ned the systemic hypoxia as the same range of cavernous hypoxia in low-¯ow priapism such as PO 2 Responses of ICP to erectogenic agents under four different conditions Acetylcholine (n 20) and PGE 1 (n 15) increased ICP under four different conditions (P`0.01). Larginine (n 10) increased ICP at Set 1 and Set 4 but failed to increase at Set 2 and Set 3 (P`0.01). The magnitude of DICP by all erectogenic agents was more prominent at Set 1 than the others, see Figure 1 .
Responses of ICP to erectogenic and erectolytic agents under four different conditions
Epinephrine decreased the ICP by acetylcholine under four different conditions but the magnitude of DICP were more prominent at Set 1 and 2 than Set 3 and 4 ( Figure 2 ). Thromboxane A 2 and ionomycin decreased the ICP by acetylcholine at Set 1 but failed to decrease at Set 2, 3 and 4 (P`0.05, Figure 2 ) even with higher concentration (10 71 Maml. not included in Figure 2 ). Under severe acidosis (pH`7.0), all erectolytic agents except epinephrine did not further alter the ICP by acetylcholine (Figure 2 ). Epinephrine suppressed the ICP by PGE 1 at all conditions and the magnitude was pronounced at Set 1 (P`0.01, Figure 3 ). Thromboxane A 2 and ionomycin decreased the ICP by PGE 1 at Set 1 but failed to decrease at Set 2, 3 and 4 (P`0.05, Figure  3 ) even with higher concentration (10 71 Maml, not included in Figure 3 ). 
Discussion
Penile¯accidity and detumescence are mediated by a-adrenergic stimulation, cessation of release of relaxing neuroeffectors and possibly by release of endothelin and spontaneous myogenic contractile activity. 5 But the corporal smooth muscle tone, spontaneous contractile activity, and the contractile response to a-agonists depend on the state of corporeal oxygenation like other organs. 6 Contractile activity of vascular smooth muscle is in¯uenced by hydrogen ion concentration among several factors. It is generally accepted that acidosis depress and alkalosis augment vascular tone. 7, 8 Alkalosis-induced vasoconstriction has been used with diagnostic purpose to evidence coronary spasm in patients with Prinzmetal's angina. 9 In ischemic priapism, the altered contractility of trabecular Response of penis under hypoxia with metabolic acidosis D Moon et al smooth muscle results from both localized intracavernous hypoxia and acidosis. But it is very dif®cult to set up in vivo localized cavernous hypoxia. So, we designed hypoventilated systemic hypoxia with resultant hypercapnea and acidosis in the room air. The results of ABGA revealed the hypoxia with acidosis, made by ventilator in this study, were statistically signi®cant. Concerning the drug delivery system to the penis, we used the method of direct intraarterial infusion instead of direct cavernous injection to minimize the systemic effects of vasoactive drugs. In this study, we did not measure the penile length but recorded the changes of ICP in response to vasoactive substances because cavernous smooth muscle relaxation by erectogenic agents led penile erection through the increased ICP and penile length. 10 Unlike in vitro studies, one of the problems of in vivo studies is sympathetic hyperactivity. Consequently, the higher concentration of drug is needed to induce reaction in vivo than in vitro. But concentration of higher than 10 73 Maml is too high to maintain the vital signs of animal through several years of in vivo studies in our laboratory. So, we used all drugs in the same concentration of 10 73 Maml. There was a statistically signi®cant difference in systemic arterial blood pressure between Set 1 and Sets 3 and 4. But it seems like that the differences were not so great as to induce systemic hypotension with resultant sympathetic hyperactivity. Additionally, this study is more stressful to the experimental animal than other studies using mixture of gases. Besides the other nonrelaxing factors, neurogenic contraction should be considered as a bias in vivo pharmacological study under hypoxia. And although the aim of this study is to assess the effects of acidosis, the additive synergistic effect of hypoxia should be considered in interpretation of the results in in vivo studies like this. Hypoxia inhibits penile erection not only via suppression of nitric oxide pathway but detumescence by inhibitory oxidative phosphorylation. Kim et al 4 suggested that hypoxia causes a simultaneous increase in intracellular calcium and relaxation is the consequence of inhibition of oxidative phosphorylation with loss of high energy phosphates, necessary for the homeostasis of Ca 2 and the contractile mechanism of the cavernous smooth muscle. Oxygen tension regulates the synthesis of NO (nitric oxide) 10 and hypoxic conditions (PO 2`2 5 mmHg) prevent or reduce tissue accumulation of cGMP normally induced by ®eld stimulation. 11 In this study, L-arginine did not increase ICP under hypoxia of Set 2 and 3 and the magnitudes of DICP by acetylcholine or PGE 1 were greater under normoxia than hypoxia. These results indicate that in vivo feline erection is endothelium-dependent relaxation and NOS (nitric oxide synthase) is inactivated under hypoxia. The decreases of ICP to epinephrine were more prominent at Set 1 and 2 than Set 3 and 4. Thromboxane A 2 and ionomycin showed minimal contractile activity at Set 1 and 2. These results coincide with the report of altered contractility under hypoxia. 14 While it is commonly surmised that acidosis alters contractility by affecting contractile proteins and calcium entry in most vascular beds, the exact role of these mechanisms in acidosis-induced vasodilation has not been established, especially in the penis. The effects of acidosis on smooth muscle are the result of interaction between the acidosis-induced relaxation and acidosis-induced depression of contraction. Studies in blood vessels revealed that acidosis induces vasodilation and impairs the response to norepinephrine. Extracellular pH (pH 0 ) is thought to be an important regulatory mechanism in the control of cerebral blood¯ow. In patients with increased intracranial pressure, mechanical hyperventilation is used to induce respiratory alkalosis, resulting in cerebral vasoconstriction, a decrease in cerebral blood volume, and a decrease in intracranial pressure. 12 ± 14 Rinaldi et al 15 also suggested that pH 0 rather than intracellular pH (pH i ) is the determinant factor of the coronary arteries diameter following acid-base alterations. They also demonstrated that denudation of endothelium did not alter the response to acidosis and alkalosis. In our study, Larginine did not increase ICP at Set 2 and 3 but Set 1 and 4. It may be postulated that both low oxygen tension and pH restrict the relaxation by L-arginine but the effect of low oxygen tension may be more prominent than that of pH. Intracellular mechanisms have been proposed to explain acidosis-induced depression of contractility in blood vessels. Grover and Samson demonstrated that the calcium uptake at pH 6.8 is greater than pH 7.6 by the endoplasmic Response of penis under hypoxia with metabolic acidosis D Moon et al reticulum and mitochondrial membrane, resultant reduction of cytosolic free calcium. 16 Cytoplasmic Ca 2 concentration is a major determinant in the contractile state of smooth muscle, the acidosisinduced relaxation should result from lower Ca 2 concentrations in the cytoplasm. It may explain the results of this study: exogenous calcium ionophore failed to decrease intracavernous pressure. Studies about the effect of [H ] on calcium binding suggested that the concentration of calcium ions required for half maximal tension development and 50% activation of the vascular actomyosin ATPase was strongly pH dependent. 17, 18 This may explain why relatively higher concentrations of epinephrine (10 73 maml) was able to overcome the depression in contractility induced by acidosis in this study. It seems that epinephrine-induced contraction does not depend on pH.
It has been known for many years that both pH o and pH i can alter tension. However, their relative importance is still debated and their mechanism of action is still unclear. Austin et al demonstrated that change in pH 0 rapidly induces the change in pH i at a calculated ratio of 0.73 change in pH i per unit pH 0 in rat mesenteric resistance vessels and concluded that the effects of pH 0 on vascular tone are due to the induced changes in pH 1 . 19 West et al demonstrated that pH 0 regulates dihydropyridine-sensitive L-type Ca 2 -channels and the amplitude of the Ca 2 currents in cerebral arterioles is inversely related to the pH 0 . 20, 21 Intracellular metabolism is inhibited under hypoxia or ischemic state, resultant decrease of ATP open the K ATP channel and relax smooth muscle. 22 And theoretically, K ATP channel blockers are able to inhibit the hypoxia-mediated relaxation. Among the K channel blockers, glibenclamide or TEA did not affect the ICP at Set 2, 3 and 4 signi®cantly. It may be explained by the fact that K channel, for K conductance under acidosis, is resistant to TEA or glibenclamide. But 4-aminopyridine, voltage-dependent K (Kv) channel blocker was pronounced in inhibitory effect of acidosisinduced relaxation. Further investigations about the mechanism of 4-aminopyridine are requested.
Opening of K channels in cell membranes with resulting increase in K conductance shifts the membrane potential in a hyperpolarizing direction towards the K equilibrium potential. Hyperpolarization reduces the opening probability of ion channels involved in membrane depolarization and excitation is reduced. 23 Pretreatment of pinacidil was found to inhibit the contractile responsesinduced by NE and K in a way similar to that of VIP (vasoactive intestinal peptide), and it reduces amplitude and tone of the spontaneous activity in vitro upon human and porcine corpus cavernosum tissue. 24 In this study, pinacidil reversed the inhibitory effects of K channel blocker at Set 1 and 2 but failed at severe acidosis of Set 3 and 4.
Conclusions
This study suggests that intracavernous acidosis, established at early stage of ischemic priapism, reduces the basal tone of trabecular smooth muscle. Acidosis impairs the contractile response of cavernous smooth muscle to erectolytic agents in vivo. It may be the results of the interference by [H ] with the intra and extracellular mechanisms that regulate the homeostasis of [Ca 2 ].
Conclusively, intracavernous hypoxia and accompanying acidosis are key factors in the pathophysiology of ischemic priapism. Intracavernous hypoxia may be the result of intracorporeal blood stagnation induced by acidosis at an early stage in ischemic priapism. And acidosis is believed to be a major contributing factor to the perpetuation of priapism and another limiting factor of trabecular smooth muscle contractility in ischemic priapism.
